location from the damaged intestinal tract and resulting coliform septicemia. 8 Escherichia coli was recovered from the lungs or liver of 90% of puppies that had deaths attributed to parvovirus infection, and pathological findings compatible with acute respiratory distress syndrome were also reported, 9 providing evidence that bacterial translocation and coliform septicemia are important factors in CPV infection. Endotoxin is a potent stimulator of inflammatory responses through activation of a cytokine-mediated procoagulant effect on endothelial cells. 10, 11 To date, no agent-specific treatment has proven effective for CPV enteritis. The survival fraction of infected puppies has been reported to be as low as 9% if the condition is left untreated. 7 Treatment and convalescent periods may be prolonged and consequently expensive, with mortality rates of 4% to 48% 12 ; therefore, many clients may elect for euthanasia of their pets. Thus, an accurate predictor of morbidity and death for puppies with CPV infection
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would be of benefit. Several studies have been performed to investigate potential prognostic markers in dogs infected with CPV, which include endocrine, 13 hematologic, 14 and biochemical variables. 7, 15 In human patients with severe sepsis, mortality rates may exceed 30%, despite advanced supportive care 16 ; these results are similar to those of studies in which mortality rates of 15% 17 to 53% 15 were found for parvovirus-infected puppies that received aggressive supportive care. Associations between serum concentrations of CRP, a major APP in humans and dogs, and survival have been investigated in humans with severe sepsis. 16 Median serum CRP concentrations were significantly higher in nonsurvivors, compared with the survivors, indicating that CRP concentration could be used as a predictor of outcome in human patients with sepsis. 16 In dogs, CRP is primarily produced in the liver by de novo synthesis and released into the bloodstream following stimulation by proinflammatory cytokines. 16, 18 The extent of changes in circulating CRP concentrations during the course of disease seems to reflect underlying disease progression and inflammatory activity.
19,20,a Circulating CRP concentrations have been shown to increase in dogs with various diseases such as pancreatitis, neoplasia, sepsis, ehrlichiosis, leptospirosis, and leishmaniasis. [21] [22] [23] [24] [25] [26] Results of 1 study 15 indicated that mean serum CRP concentration in parvovirus-infected puppies at the time of hospital admission was higher in nonsurvivors than in survivors. Interpretation of changes in serum CRP concentration over time, together with other hematologic and biochemical variables, has been found to be useful in assessing the severity of various diseases in dogs. 27 The primary objective of the study reported here was to evaluate the association of serum CRP concentrations over time with morbidity and death in puppies with canine parvoviral enteritis. Our primary interest was to determine whether serial serum CRP concentrations in puppies could be used to predict outcome (survival or death). A secondary objective was to determine the usefulness of serum CRP concentrations to predict the duration of hospitalization for these dogs.
Materials and Methods
Animals-Client-owned puppies that were naturally infected with CPV and admitted to the isolation ward of the Onderstepoort Veterinary Academic Hospital, Faculty of Veterinary Science, University of Pretoria, South Africa, were recruited for a prospective, observational study between November 27, 2008, and September 25, 2009 . Puppies of any breed and either sex that had severe clinical signs associated with CPV infection (eg, dehydration, anorexia, lethargy, vomiting, and hemorrhagic diarrhea) necessitating hospitalization and aggressive treatment were eligible for enrollment. The diagnosis of CPV infection was confirmed through TEM of feces, ELISA for canine parvoviral antigen, or both. Other enteric viruses (eg, coronavirus or canine distemper virus) were also excluded by TEM. Puppies with obvious signs of other inflammatory processes (eg, obvious wounds or respiratory or skin diseases) were excluded. A thin peripheral blood smear from each puppy was examined at the time of admission to screen for overt hematologic evidence of parasitemia (eg, Babesia spp or Ehrlichia spp). A fecal sample was also evaluated by examination of a wet mount and fecal flotation for the presence of Giardia spp, Isospora spp, and helminth ova on admission. If any of these parasites were found, those puppies were excluded from the study. Written consent was received from the owners prior to enrollment of puppies in the study. The research protocol was approved by the University of Pretoria Animal Use and Care Committee.
All puppies were treated according to a standard supportive care plan for dogs with parvovirus infection, which was adapted from a previously described treatment regimen.
14 All dogs received IV crystalloid fluids, antiemetics, Figure 1-Box-and-whiskers plot of log 2 -transformed serum CRP concentrations in 79 puppies with CPV enteritis that did (white boxes) or did not (gray boxes) survive to discharge. Serum CRP concentration was measured at the time of admission, approximately every 10 to 12 hours for the first 48 hours, and then at 24-hour intervals. The box incorporates the middle 50% of observations; horizontal lines within each box represent the median value. The whiskers extend to the smallest and largest observations that are < 1.5 times removed from the interquartile range. Outliers are plotted separately as circles. Time 0 was the time of admission, before any treatments were administered; numbers above the x-axis indicate number of samples from each group (samples at the time of admission were missing from 3 dogs that survived and 1 that died). *Mean CRP concentration was significantly (P < 0.05) different between survivors and nonsurvivors.
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and antimicrobials. Analgesics were given as needed. Any changes in treatment were administered at the discretion of the attending clinician. Puppies were discharged when they had stopped vomiting completely (no vomiting for 2 days), Hct and serum total protein concentration were within or close to the respective reference ranges, and puppies were consuming their daily caloric requirements independently. Clinicians were blinded to the results of CRP measurement.
Procedures-A clinical examination was performed on each puppy at admission and then once daily until discharge from the hospital or death. The fecal sample collected at admission was refrigerated immediately and submitted ≤ 12 hours after collection for examination with TEM. Fecal samples from most puppies were also tested with a point-of-care ELISA b for CPV antigen according to the manufacturer' s instructions.
At admission (prior to any treatment) and twice daily (approx 10 to 12 hours apart) thereafter for the first 48 hours, blood (approx 3 to 5 mL) was collected via jugular venipuncture into a serum separator tube.
c After 48 hours, blood samples were collected every 24 hours until discharge or death. Serum samples were left to clot at room temperature (approx 25°C) and then centrifuged at 2,100 X g for 10 minutes. A minimum of 100 µL of serum was required for CRP analysis. Serum was collected and stored at -80°C until it could be analyzed as a batch, to avoid interassay variability. Samples were stored for up to 10 months (CRP concentrations reportedly remain stable in serum stored at -20°C for up to a year in a controlled laboratory setting and up to 34 months in a research setting 28 ). The CRP concentrations were measured with an automated turbidimetric immunoassay for human CRP d,e previously validated for use in dogs. 29, 30 The assay was calibrated with commercially available purified canine CRP f to ensure species-specific measurement of CRP with the heterologous assay. 29 The intra-assay coefficient of variation for the CRP method, by means of immunoturbidimetry, was calculated as 0.1. The detection range for the assay was 5.1 to 163.3 mg/L. Samples that exceeded the detection limit during initial testing were manually diluted to a 1:3 or 1:5 ratio in saline (0.9% NaCl) solution at the discretion of the laboratory technician. Internal controls consisting of pooled serum samples from 5 healthy dogs were routinely run with the batch of samples. Samples were analyzed as a batch, and all outliers were immediately reanalyzed to confirm results.
Statistical analysis-Data were analyzed with commercially available statistical software.
g Serum CRP concentrations were log-transformed to achieve normal distribution and are reported as geometric means. At each time point, mean concentrations were compared between survivors (dogs that lived to be discharged from the hospital) and nonsurvivors by use of a Student t test. Associations between log 2 CRP concentration or change over time in log 2 CRP concentration and outcome (survival vs death) were determined by multiple logistic regression, adjusted for age, body weight, and sex. Change over time was expressed as the ratio of CRP concentrations at 2 time points. Separate models were used to evaluate CRP concentrations at the time of admission and 12, 24, and 36 hours after admission and to detect changes in CRP concentration from admission to 12 and 24 hours after admission. Associations between log 2 CRP concentrations at the described time points and survival time were estimated by means of Cox proportional hazards regression, adjusted for age, weight, and sex. For dogs that survived, the association between log 2 CRP concentrations and duration of hospitalization was estimated in a similar manner. Fit of the logistic regression models was assessed with a Hosmer-Lemeshow goodness-of-fit test, and the proportional hazards assumption of the Cox regression models was assessed with Schoenfeld residuals. The clinical value of CRP concentration to predict the outcome of death was evaluated by means of ROC curves. Death of a dog attributed to CPV infection was classified as a truepositive result, whereas survival to discharge was classified as a true-negative result. The AUC was calculated and compared among time points; sensitivity, specificity, Youden index (J = sensitivity + specificity -1), and likelihood ratios were calculated for all possible CRP concentration cutoff values. Values of P < 0.05 were considered significant for all statistical tests. Serum CRP concentration was determined with an automated turbidimetric immunoassay in samples collected at the time of admission (prior to any treatment), twice daily thereafter (approx 10 to 12 hours apart) for 48 hours, and then every 24 hours until discharge or death; times of sample collection shown in the table are approximate. Concentrations were log-transformed to achieve normal distribution. The ORs estimate the effect of a higher (2-fold difference) CRP concentration on the odds of death after adjustment for age, body weight, and sex. Hazard ratios estimate the effect of a higher (2-fold difference) serum CRP concentration on instantaneous hazard of the event (death or discharge) after adjustment for age, body weight, and sex.
See Table 2 for remainder of key. , and 36 (D) hours after admission to predict outcome in puppies with CPV infection. A true positive was defined as a dog that died and for which death was attributed to CPV infection; a true negative was defined as a dog that survived to discharge. Youden index = sensitivity + specificity -1.
Results
Seventy-nine puppies (31 sexually intact females and 48 sexually intact males) of various breeds were enrolled in the study. Ages ranged from 1 to 18 months. Age, body weight, and sex distribution were not significantly different between survivors and nonsurvivors ( Table 1) . Sixteen of 79 (20%) puppies died; median survival time for nonsurvivors was 3 days after admission (range, 1 to 6 days).
Serum CRP concentrations at admission; approximately 12, 24, 36, and 48 hours later; and then every 24 hours up to 168 hours were summarized and compared between puppies grouped according to outcome (survivors and nonsurvivors; Figure 1) . Samples collected at admission were missing from 3 dogs that survived and 1 that died. Geometric mean CRP concentrations for survivors at the time of admission and 12 and 24 hours after admission were 100.6, 81.3, and 67.6 mg/L, respectively, and for nonsurvivors, concentrations were 146.3, 140.1, and 116.1 mg/L, respectively. Values were significantly different between groups for these 3 time points. Results of the multiple logistic regression analysis were summarized (Table 2) . A higher CRP concentration (2-fold difference) at admission (P = 0.041), 12 hours after admission (P = 0.005), or 24 hours after admission (P = 0.003) was associated with greater odds of death. However, there was no significant association between the odds of death and changes in CRP concentration between admission and 12 hours (P = 0.327), admission and 24 hours (P = 0.619), or 12 and 24 hours (P = 0.993).
Results of Cox proportional hazards regression analysis were summarized (Table 3) . Survival time was negatively associated with serum CRP concentration at 12 (P = 0.002) and 24 hours (P = 0.001), indicating that higher CRP concentrations were significantly associated with shorter survival times. Among dogs that survived, duration of hospitalization was positively associated with CRP concentration at 12 (P = 0.012), 24 (P = 0.001), and 36 hours (P = 0.002) after admission, indicating that higher CRP concentrations were associated with a longer hospitalization time.
Evaluation of ROC curves ( Figure  2) for the ability to predict outcome (survival vs death) on the basis of serum CRP concentrations revealed no significant differences among AUCs for CRP concentration at admission and 12, 24, and 36 hours later; however, the model in which CRP concentration had the greatest apparent ability to discriminate between SMALL ANIMALS/ EXOTIC specificity was > 90%. However, the low sensitivity at these cutoffs indicated very few true-positive results; therefore, the positive predictive value remained approximately 50% and the positive likelihood ratio also did not increase. At 12 and 24 hours after admission, the negative predictive value (ie, prediction of survival) remained > 95% for cutoff values up to approximately 100 mg/L.
Discussion
In the study reported here, serum CRP concentrations were evaluated in puppies with CPV enteritis at the time of hospital admission, twice daily thereafter (approx 10 to 12 hours apart) for 48 hours, and then every 24 hours until discharge or death. Results indicated that higher serum CRP concentrations (2-fold difference) at 12 and 24 hours after admission were associated with shorter survival times in these patients, compared with those that had lower CRP concentrations. The results also revealed that survivors with higher CRP concentrations at 12, 24 and 36 hours after admission had longer hospitalization periods than did those with lower CRP concentrations. A CRP concentration cutoff value of 97.3 mg/L at 24 hours after admission had a sensitivity of 86.7% and a specificity of 78.7% to predict death on the basis of results of ROC curve analysis and Youden index calculations. The AUC at 24 hours was 0.79, which is regarded as a moderately accurate diagnostic test; a highly accurate test should have an AUC > 0.90. 31 A significant association was not found when investigating changes in CRP concentrations over time between survivors and nonsurvivors.
The finding of a significant positive association between serum CRP concentrations (at admission and 12 and 24 hours later) and the odds of death in puppies with CPV enteritis was not surprising; the half-life of CRP is constant under all conditions so that the sole determinant of serum concentration is the synthesis rate, which directly reflects the intensity of the pathological process that causes production of CRP. 32 The rates of lymphoid and intestinal cell turnover appear to be the main factors that indicate the severity of CPV infection. High turnover rates reflect high rates of virus replication and cell destruction. 6 Cell destruction results in the release of inflammatory cytokines that stimulate production of CRP in the liver. When the stimulus is removed, the circulating CRP concentration is rapidly reduced. 32 The most notable feature of CRP is the rapidity of its appearance and increased concentration in serum following an acute stimulus. 19 The increase in CRP concentration in dogs is more rapid than that in humans. Increased concentrations are first detected 4 hours after a stimulus and increase to peak values at approximately 24 hours in dogs, whereas CRP concentrations in humans are first detected after 6 hours, with peak concentrations occurring at approximately 48 hours. 21, 32 Because plasma CRP concentrations change rapidly, frequent blood collection was indicated for the present study. The lack of a significant difference between survivors and nonsurvivors when changes in CRP over time were evaluated was unexpected because the half-life of CRP is short; however, a similar result was found in a study 33 performed to evaluate CRP concentrations in dogs infected with Babesia spp. In dogs with CPV enteritis, this finding may be attributable to severe tissue damage and systemic inflammation present, which may persist for an extended period.
The prognostic value of serum APPs was evaluated in dogs with CPV infection at the time of hospital admission in another study. 15 Serum CRP, ceruloplasmin, and haptoglobin concentrations were reported to be higher in dogs with CPV infection than in control dogs, but the magnitude of increase in CRP concentration from baseline values was higher than that for the other APPs. The CRP concentrations at admission were higher in puppies that died, compared with those that survived. 15 These findings were in agreement with the results of our study. Investigators of the previous study 15 also reported that a circulating CRP concentration of 92.4 mg/L at the time of admission had a sensitivity and specificity of 91% and 61%, respectively, to differentiate survivors from nonsurvivors. Those results differ from the results of our study, where a cutoff value of 131.3 mg/L was determined at admission, with a sensitivity and specificity of 73.3% and 65%, respectively. Our study differed in that CRP concentration was measured serially, and a cutoff of 97.3 mg/L at 24 hours after admission appeared to have greater sensitivity and specificity (86.7% and 78.7%, respectively) than did values at admission. This may be because puppies were first evaluated at different times in the course of their illness (some seen soon after the onset of clinical signs, whereas others may have been ill for a day or more), but after 24 hours of treatment, their physiologic status was more standardized.
Various studies have been performed to evaluate other variables as predictors of outcome in CPVinfected puppies. Results of 1 study 14 indicated that an accurate prognosis could be obtained for puppies with CPV enteritis at 24 hours after admission by evaluating changes in blood leukocyte concentrations. Investigators in another study 7 found that CPV-infected puppies that have lymphopenia and hypoalbuminemia at admission are hospitalized for longer periods, compared with puppies without these abnormalities. Evaluation of endocrine hormones in puppies with CPV enteritis, including serum cortisol and thyroxine concentrations, found that high serum cortisol and low thyroxine concentrations at 24 and 48 hours after admission were associated with death. 13 The use of serum CRP concentrations for prognostic purposes may have some advantages over these other variables. Administration of some drugs as well as variations in breed and body size have been reported to affect circulating concentrations of thyroid hormones and cortisol in healthy dogs. [34] [35] [36] However, CRP concentrations are not known to be affected by administration of drugs, 32 and CRP concentrations do not differ significantly among dogs of different breeds and body sizes. 37 In response to inflammation, CRP concentration increases rapidly. Compared with changes in WBC counts, which do not always reflect the severity of disease, CRP concentration may be a more stable variable for monitoring throughout the disease process because it is not subjected to bone marrow responses or fluctuations resulting from extravasation. 26 Despite the significant association between serum CRP concentrations and odds of death in the present study, results of ROC curve analysis indicated that the discriminative ability of CRP concentration alone in predicting outcome was only moderately accurate. This is in accordance with findings of several oth-er clinical studies 27, [38] [39] [40] that indicated circulating CRP concentration alone does not correspond to outcome.
A limitation of the present study was that the investigators had no control over when puppies were brought to the clinic during the course of the disease process. This could have affected the CRP results at admission as well as patient outcome. Modifications of the standard supportive treatment by different attending clinicians may have had an effect on the results, but this is unlikely because the treatment is not agent specific and does not affect the pathogenesis of the disease.
Prognostication remains a challenging topic. During the past 20 years, much research has been done to find ways of improving the precision and accuracy of clinicians' estimates. 16 Results of the study reported here indicate that the use of serum CRP concentration alone to make decisions about outcome is not reliable, but serial measurements of serum CRP may prove useful to monitor the progression of the disease and adapt treatment accordingly. Future studies are warranted to evaluate serial CRP concentrations in conjunction with other variables proven to be of value in prognostication for dogs with CPV infection, such as leukocyte count and results of serum biochemical and endocrine hormone analysis. 
